A simultaneous fit to all obtained correlation functions was performed, maximising the precision and sensitivity to the strong interaction parameters for the selected baryon pairs. Real and imaginary components of the scattering lengths, as well as the effective ranges, were extracted for combined pΛ ⊕ pΛ pairs and, for the first time, for ΛΛ pairs. Effective averaged scattering parameters for heavier baryon-anti-baryon pairs, not measured directly, are also provided. The results reveal similarly strong interaction between measured baryon-anti-baryon pairs, suggesting that they annihilate in the same manner as pp at the same pair relative momentum k * . Moreover, the reported significant non-zero imaginary part and negative real part of the scattering length open up a possibility for future baryon-anti-baryon bound state searches.
Introduction
The ALICE experiment [1] recorded collisions of Pb nuclei delivered by the the Large Hadron Collider (LHC) [2] at centre-of-mass energies of √ s NN = 2.76 TeV and √ s NN = 5.02 TeV.
Particle yields and their ratios measured in these collisions are well-described by Statistical Hadronisation Models (SHM's) [3] [4] [5] , from which temperatures around 156 MeV and baryochemical potentials close to zero have been extracted [6] . The number of baryons created in each collision is of the order of one hundred and a similar number of anti-baryons is also created [7] [8] [9] . These include Λ, Σ, Ξ, and Ω and their corresponding anti-particles. The majority of them are produced at mid-rapidity and with low relative momentum: more than 95% of particles have p T lower than 2 GeV/c. A Pb-Pb collision at the LHC can thus be viewed as a factory of low relative momentum baryon-anti-baryon pairs.
The interaction of baryons is a fundamental aspect of many sub-fields of nuclear physics. It is investigated extensively with numerous methods, including the detailed analysis of the properties of atomic nuclei as well as in dedicated experiments where beams of one baryon type are scattered on other baryons bound in atomic nuclei [10] [11] [12] [13] [14] [15] . It is especially interesting to probe the interaction at low relative momenta. In particular, the possible creation of bound states for a given baryon-baryon pair was investigated extensively [16] [17] [18] [19] [20] [21] .
These techniques posses specific limitations depending on the properties of the interaction. Studies using nuclei are only possible for baryon combinations that create a bound system. It is therefore difficult to probe any kind of repulsive interaction in this way and it is also impossible to probe matter-anti-matter interaction with any of those methods. Scattering experiments can not be performed for any choice of baryon-baryon pairs and the available data are hampered by low statistics in the region of low relative momentum that is the most crucial for a precise extraction of the scattering parameters. As a result of these limitations, baryon interactions are well understood for nucleons and for the pp pair, but for baryons with non-zero strangeness and for baryon-anti-baryon pairs, data availability is limited.
The interactions of baryons are well known for pp pairs, for pn pairs, as well as for the lightest baryonanti-baryon system, pp [22] [23] [24] [25] [26] . Measurements were also performed for pΛ pairs [27] [28] [29] . The STAR Collaboration has recently performed a comparative study of the baryon-baryon and anti-baryon-antibaryon interaction in Au-Au collisions at √ s NN = 200 GeV and found that the pp interaction does not differ from the pp system [30] . Also, ALICE measurements of the baryon-baryon pairs in pp collisions at √ s = 7 TeV [31] shed more light on the interaction of pΛ and ΛΛ pairs at low relative pair momenta.
Concerning the baryon-anti-baryon pairs, the pp interaction is studied in detail in theory [23] [24] [25] [26] . For other baryon-anti-baryon pairs however there are little or no experimental data available. For instance, the STAR experiment measured pΛ ⊕ pΛ correlations [32] ; however, with several limitations: most importantly, no corrections for correlations arising from weak decays of heavier baryons were applied. Those baryon-anti-baryon scattering parameters, when measured, could be implemented in the the wellestablished model of heavy-ion collisions, UrQMD [33] , which has the important feature of including rescattering in the hadronic phase. Especially, recent comparisons of theoretical calculations with the ALICE data show that a proper description of this phase is critical for the correct reproduction of a large number of observables, like particle yields, transverse-momentum spectra, femtoscopy for identified particles, as well as elliptic flow [34] [35] [36] [37] . The baryon-anti-baryon annihilation is a critical component of the rescattering process. Yet, at the moment, for the heavier baryon-anti-baryon pairs, one has to rely on assumptions about the interaction cross section. Currently it is assumed that all baryon-anti-baryon pairs annihilate in the same way as pp pairs when taken at the same total energy of the pair, √ s, in the pair rest frame [33] . In addition, the already mentioned STAR pΛ ⊕ pΛ correlation measurements [32] , when reanalyzed taking into account residual correlations [38] , suggest that all baryon-anti-baryon pairs might annihilate in a similar way as a function of the relative momentum of the pair k * , instead of the pair centre-of-mass energy √ s. This work aims to provide more experimental constraints on these scenarios.
The method of two-particle femtoscopy [39, 40] , which is carried out in terms of the relative momenta of the particle pairs, allows one to access the baryon-anti-baryon interaction at low pair relative momentum in a way which is complementary to dedicated scattering experiments. This paper presents a femtoscopic analysis of pp, pΛ ⊕ pΛ, and ΛΛ correlations in Pb-Pb collisions at √ s NN = 2.76 TeV and √ s NN = 5.02 TeV measured by ALICE. The femtoscopic correlation functions represent the source function (probability to emit a particle from a given space-time point with a given momentum) seen through the specific interaction for a given pair. Only the strong interaction is present for pΛ ⊕ pΛ and ΛΛ pairs, while for pp pairs, where also the Coulomb interaction is present, it is the dominant contribution [41, 42] . Therefore, the parameters of this interaction, together with the source function, determine the shape of the correlation function. By fitting the measured correlation distributions with an appropriate function the strong interaction of baryon-anti-baryon pairs can be directly probed.
In the ALICE experiment, with its collider geometry, it is not always possible to experimentally distinguish on a particle-by-particle basis baryons which come directly from the collision region ("primary") from the products of the weak decay of heavier hyperons ("secondary"). Therefore, in a measured baryon-anti-baryon pair sample, a certain number of pairs contain at least one non-primary particle. The femtoscopic correlation is formed on a timescale much smaller than the characteristic time of weak decays, so that such pairs will carry the information about the interaction of the parent particle. This correlation is then diluted by the decay kinematics and then combined with the femtoscopic correlation for all other pair types contributing to a given correlation function. This effect, called "residual correlations", is accounted for in the formalism proposed in Ref. [38] which is employed in this analysis.
The measurement is performed for six centrality ranges and four pair types. At each centrality there is only one source function, which determines the system sizes for all pair types. The parameters of the strong interaction are independent of centrality. In addition, the measured pair types often share some of the possible parent particle combinations or are even parent pairs of other measured pairs (for example, the ΛΛ pair is measured, but on the one hand it is also a possible parent pair for a pΛ pair and therefore its correlation contributes to this system via the residual correlation mechanism). As a result, all measured correlation functions are non-trivially interconnected. Therefore, a procedure which is a single and simultaneous fit to all measured correlation functions is performed, with a single set of parameters for all of them. This provides maximum statistical accuracy for the obtained parameters, minimises the number of fit parameters and provides non-trivial internal consistency verification. Such a procedure is performed for the first time. The fit naturally includes the residual correlations mechanism. The formalism proposed in Ref. [38] does not treat this effect as a "contamination". As a result, it does not attempt to "correct" for it (as proposed in an alternative procedure in Ref. [43] ), but instead it uses it to extract information about the strong interaction potential parameters for the parent particles. Consequently, this measurement is also able to provide constraints on the effective strong interaction parameters for the pairs containing heavier baryons (such as pΞ + ⊕ pΞ − , etc.), not directly measured in this analysis.
The paper is organised as follows: in Sec. 2 the data-taking conditions, together with event and track selection criteria are described. The construction of the correlation function and the analysis procedure are described in Sec. 3. The fitting procedure is explained in Sec. 4. The estimation of the systematic uncertainty is discussed in Sec. 5. The femtoscopic correlation functions, as well as the extraction of the scattering parameters and associated systematic uncertainties are presented in Sec. 6. Section 7 concludes this paper.
2 Data analysis
Data sample
The data sample used in this work was collected in LHC Run 1 (2011) and Run 2 (2015) , where two opposite beams of Pb nuclei were brought to collide at the centre-of-mass energy of √ s NN = 2.76 TeV and √ s NN = 5.02 TeV, respectively. Products of the collisions were measured by the ALICE detector. The performance of ALICE is described in Ref. [44] .
In this analysis the minimum-bias (MB) trigger was used, which was based on the V0 detector consisting of two arrays of 32 scintillator counters, which are installed on each side of the interaction point and cover pseudorapidity ranges 2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7 (V0C). The MB trigger required a signal in both V0 detectors within a time window that is consistent with the collision occurring at the centre of the ALICE detector. Its efficiency for the centrality range used in this work is 100%. The event centrality was determined by analysing the signal from the V0 detector with the procedure described in details in Ref. [45] .
The primary vertex location was reconstructed with the Inner Tracking System (ITS) [1] . The ITS is composed of six cylindrical layers of silicon detectors: two layers of Silicon Pixel Detectors (SPD) closest to the beam pipe with the acceptance of |η| < 2.0 and |η| < 1.4 for inner and outer layers, respectively, two layers of Silicon Drift Detectors (SDD) covering |η| < 0.9, and two outermost layers of Silicon Strip Detectors (SSD) covering |η| < 1.0. The information from the ITS can be used for tracking and primary vertex determination. However, in this analysis it was used only for the latter. The primary vertex for an event was required to be within ±8 cm from the centre of the detector.
The analysis was performed in six centrality ranges for both collision energies. They are listed in Tab. 1 together with their corresponding average charged-particle multiplicity densities at mid-rapidity dN ch /dη [45, 46] . 
Track selection
Particle trajectory (track) reconstruction for both collision energies was performed using the Time Projection Chamber (TPC) detector [47] . The TPC is divided by the central electrode into two halves. Each half is capped with a readout plane which is composed of 18 sectors (covering the full azimuthal angle ϕ) with 159 padrows placed radially in each sector. A track signal in the TPC consists of space points (clusters), and each of them is reconstructed in one of the padrows. A track was required to be composed of at least 80 clusters in order to select only good quality tracks and to minimise the possibility that a signal left by a single particle is reconstructed as two tracks. The parameters of the track are determined by performing a Kalman fit to a set of clusters. The quality of the fit is determined by calculating the χ 2 which was required to be lower than 4 for every cluster (each cluster has two d.o.f.), in order to select only well fitted tracks.
The identification of primary (anti-)protons was performed using the combined information from both the TPC and the Time-OF-Flight (TOF) detectors (a signal from both detectors was required), while the identification of Λ decay products (charged pions and protons) required information only from the TPC. The TOF is a cylindrical detector composed of 18 azimuthal sectors, further divided into five modules with Multigap Resistive Proportional Chambers (MRPC) along the beam axis, at a distance from the interaction point of r ∼ = 380 cm. Tracks are propagated from the TPC to the TOF and matched to hits in this detector. In the case of both TPC and TOF, the signals (energy loss dE/dx for the TPC and the time of flight for the TOF) were compared to the expected ones for a given particle. The measuredexpected signal deviation was divided by the appropriate detector resolution σ . The track was accepted as a proton (pion) if it fell within 3σ of combined TPC and TOF expected signals for a proton (pion) in a given detector (see Tab. 2 for more details).
A pseudorapidity selection, |η| < 0.8, was applied to avoid regions of the detector with limited acceptance. The particle identification quality depends on the transverse momentum p T , thus a choice of proper p T range is needed to assure good purity of the sample (see Tab. 2 for details). To make sure that the sample is not significantly contaminated by secondary particles coming from weak decays and particle-detector interactions, a selection criterion on the Distance of Closest Approach (DCA) to the primary vertex was also applied, separately in the transverse plane (DCA xy ) and along the beam axis (DCA z ). These criteria were optimised in order to select a high purity sample of (anti-)protons. The p T -integrated purity, based on Monte Carlo simulations, of the p (p) sample was 95.4% (95.2%).
The selection of Λ (Λ) was based on their distinctive decay topology (referred to as V 0 ) in the channel
, with a branching ratio of 63.9% [22] . The reconstruction process, described in Ref. [48] , is based on finding V 0 candidates made of two secondary tracks having opposite charge and large impact parameter with respect to the interaction point. If two V 0 candidates shared a daughter track, the V 0 candidate with the lowest DCA to the primary vertex was chosen, while the other one was rejected from the analysis. In addition, the particle identification using the combined information from the TPC and the TOF detectors, with the same selection criteria as the ones defined for primary tracks, was used. In order to calculate the purity of the Λ (Λ) sample, the distribution of the invariant mass of the pairs was analysed. The signal S was approximated by a Gaussian superimposed on a second order polynomial background B [49] . Then, the Λ (Λ) purity can be defined as S/(S + B). In the invariant-mass range defined in Tab. 2 the p T -integrated purity was found to be larger than 95%. All selection criteria for both primary and secondary tracks as well as V 0 candidates which were used in the analysis are summarised in Tab. 2.
In the pp analysis, the two-track selection criteria were chosen in order to reduce the effect of "split" tracks (a signal produced by one particle incorrectly reconstructed as two tracks) and "merged" tracks (a signal produced by two particles incorrectly reconstructed as one track). The effect can be quantified in the polar angle difference ∆θ , where it affects pairs with ∆θ < 0.008 rad, which were removed in the analysis. Moreover, tracks are bent by the magnetic field. Therefore, an azimuthal angle difference ∆ϕ * (where ϕ * is a modified azimuthal angle ϕ, taking into account the bending of the track in the magnetic field [50] ) was introduced and particle pairs which had ∆ϕ * < 0.012 rad were removed from the analysis. In addition, pairs with pseudorapidity difference ∆η < 0.017 were also removed from the final sample. A selection criterion based on "shared clusters" was also applied. Pairs, where the two tracks shared more than 5% of their clusters, were rejected. Moreover, the spatial separation for two tracks in each was measured at several points throughout the TPC (every 20 cm radially from 80 cm to 250 cm) and averaged. If the average separation of the like-sign tracks within a pair was below 5 cm, this pair was not taken into account in the analysis.
In the pΛ ⊕ pΛ analysis, a similar separation requirement between a same-sign primary proton and a secondary pion was set to 8 cm. For all other combinations of primary and secondary particles a 5 cm separation selection was used. In the ΛΛ analysis the minimum average separation between daughter 
Particle identification tracks was set to 5 cm as well. The selections described above were able to minimise the "splitting" and "merging" effects in simulations.
Construction of the correlation function
The experimental correlation function C( p 1 , p 2 ) of two particles with three-momenta 1 p 1 and p 2 , respectively, is defined as
The distribution A, called the "signal", is constructed from pairs of particles from the same event. The background distribution B is constructed from uncorrelated particles measured with the same singleparticle acceptance. In this analysis it was built using the event mixing method with the two particles coming from two different events for which the vertex positions in the beam direction agree within 2 cm and the multiplicities differ by no more than 1/4 of the width of the given centrality class for which the correlation function is calculated. Each particle was correlated with particles from 10 other events. The parameter N is the normalisation factor.
The femtoscopic correlation is measured as a function of the reduced momentum difference of the pair
, where p 1 * and p 2 * denote momenta of the two particles in the pair rest frame, as
In this work, the analysis is further simplified by performing all measurements as a function of the magnitude of the relative momentum k * = | k * | only. The N parameter was calculated during the background subtraction procedure described in Sec. 4.3, in a way that the correlation function approaches unity in k * ∈ [0.13, 1.5] GeV/c for pp pairs and in k * ∈ [0.23, 1.5] GeV/c for pΛ ⊕ pΛ and ΛΛ pairs.
4 Fitting procedure
Fitting formula
The extraction of the scattering parameters from the measured correlation functions requires a dedicated fitting procedure, which takes into account the strong and Coulomb interaction, depending on a given pair. The fitting formula is chosen appropriately for each baryon-anti-baryon pair. Afterwards, a simultaneous fit to all measured pairs, taking into account residual correlations, is performed. The details of the procedure are described below.
In general, the theoretical two-particle correlation function is defined as [51, 52] C( k
where S( r * ) is the source emission function, Ψ( k * , r * ) is the pair wave function, and r * is the relative separation vector. The source is assumed to have a spherically-symmetric Gaussian distribution. The pair wave function depends on the interactions between baryons and anti-baryons. When only the strong interaction is present, the Lednický-Lyuboshitz model is used [41] C(k
where the sum is over all pair-spin configurations, with weights ρ S (a real number) being 0.25 and 0.75 for singlet and triplet states, respectively, f (k * ) (a complex function) is the scattering amplitude, r 0 (a real number) is the one-dimensional source size, d S 0 (a complex number) is the effective range for given spin configuration S, and F 1 (x) and F 2 (x) are known functions (for details see Ref. [41] ). The scattering amplitude f (k * ) in Eq. (4), in the effective range approximation, is defined as
where f S 0 (a complex number) is the scattering length and d S 0 (a complex number) is the effective range of the interaction. In this work, the usual femtoscopic sign convention is employed when an attractive strong interaction is manifested as a positive real part of the scattering length ℜ f S 0 . In addition, spinaveraged scattering parameters are extracted and the imaginary part of the effective range is set to be 0. Therefore, the final notation of extracted parameters is: ℜ f 0 for the real part and ℑ f 0 for the imaginary part of the spin-averaged scattering length, and d 0 for the real part of the spin-averaged effective range of the interaction. When the Coulomb interaction is also present, one has to numerically integrate the source emission function with the pair wave function containing a modified scattering amplitude [42] . 
Residual correlations
A fraction of observed (anti-)baryons comes from decays of heavier (anti-)baryons. In such a case, the correlation function is built for the daughter particles, while the interaction has taken place for the parent baryons. To account for this effect, a fitting formula contains a sum of correlation functions for each possible combination of (anti-)baryons, weighted by the fraction λ of given residual pairs. One needs to transform the theoretical correlation function of a pair into the momentum frame of the particles registered in the detector.
The procedure for the correlation function analysis taking into account residual correlations has been performed before and is described in detail in Ref. [53] . The same procedure was carried out in this analysis.
The fractions of residual pairs λ were calculated based on the AMPT model [54] after full detector simulation, estimating how many reconstructed pairs come from primary particles and what is the percentage of those coming from the given decay. They also take into account other impurities resulting from misidentification or detector effects. The obtained values of fractions are listed in Tab. 3. The momentum transformation matrices [38] were generated using the THERMINATOR 2 model [55] for all residual components of all analysed systems. The final correlation function for a xy pair is defined as
where the sum is over all residual components of the xy pair and λ i and C i (k * ) are the fraction and the correlation function of i-th pair, respectively [38] .
Simultaneous fit to several pairs
The goal of this work is to extract the interaction parameters for various baryon-anti-baryon pairs. In order to increase the precision and robustness of this measurement, a procedure was developed to simultaneously fit correlation functions measured for different baryon-anti-baryon pairs.
A simultaneous fit is desirable because of the presence of residual correlations, which create a link between different pairs. For the pp, pΛ ⊕ pΛ and ΛΛ systems studied in this paper, each measured corre- lation is interlinked to the others via the complex net of residual correlations which is illustrated in Fig. 1 . There are several pairs which are shared between different systems, for example major contributions affecting the pp correlation function are marked with blue, pΛ with yellow and ΛΛ with red. As can be seen in Fig. 1 , there are several pairs which are shared between different systems. For instance, a fraction of pairs entering the pp correlation function come from the decays of Λ and Λ baryons. In this case, the interaction between Λ and Λ being manifested in the pp correlation function has the same parameters as the interaction of particles reconstructed and measured as a ΛΛ pair. In this example, those ΛΛ interaction parameters constitute a link between pp and ΛΛ correlation functions, allowing for a simultaneous fit of the two, with shared fit parameters. Moreover, this technique allows to provide constraints on those pairs which are not measured directly.
The femtoscopic correlation function is sensitive both to the interactions between particles and to the size of the emission source. As the focus of this study is the measurement of the baryon-anti-baryon interaction parameters, a number of assumptions concerning source sizes were made in order to increase the precision of the measurement.
The source radii for primary pp, pΛ ⊕ pΛ and ΛΛ pairs were calculated from fits to previous measurements of other baryon-baryon and meson-meson pairs [53] . It was assumed that the one-dimensional source size R inv , for each pair, depends on the transverse mass of the pair m T , and event multiplicity N ch . Event multiplicity is related to the volume of the overlapping region of the colliding nuclei (centrality), as particle production is proportional to the volume of the medium from which they are created [50] .
The R inv scaling with m T follows the relation
where a(N ch ) and γ are empirical parameters obtained from the fit to the R inv (m T ) dependence. The value of the exponent was found to be independent on centrality and fixed to γ = 0.5, while the exact values of a(N ch ) depend on the given centrality range. The same relation was used for the residual pairs, for which the transverse masses were calculated from transverse momentum spectra simulated in AMPT.
The R inv scaling with event multiplicity N ch was performed using the relation
where α(m T ) and β (m T ) are empirical parameters and their exact values depend on the pair transverse mass (baryon-anti-baryon pair under consideration). The above relation can be further restricted when one notices that for a single particle the source size should be equal to the proton radius, which is R p ≈ 0.88 fm [22] . Finally, a set of scaling parameters and source radii was obtained for each pair under consideration (for each m T ) and for each centrality range.
The experimental correlation function is also affected by phenomena other than the strong and Coulomb interactions, such as jets and elliptic flow [56] [57] [58] . Those effects are treated as a background. For each experimental function, a background fit was performed in a k * region where femtoscopic effects are not prominent. It was found, using THERMINATOR 2 model, that the results are not dependent on the k * fit range when the background is fitted by a third order polynomial. Next, the estimated background was subtracted from the experimental correlation function. The procedure flattens the function for higher k * and the slope is larger for less central collisions, which is consistent with elliptic flow, as it should be more prominent for semi-central collisions and less for central collisions [56] .
Femtoscopic correlation functions were obtained for three baryon-anti-baryon pair systems pp, pΛ ⊕ pΛ, and ΛΛ in Pb-Pb collisions at two centre-of-mass collision energies √ s NN = 2.76 TeV and √ s NN = 5.02 TeV and in 6 centrality ranges. This yielded 36 measured correlation functions in total. The simultaneous fit, according to the procedure described above, was performed to all those pairs, with the pp scattering parameters fixed to the values previously measured [23] . Three sets of scattering parameters were introduced (each one containing a real and an imaginary part of the scattering length and an effective range) for pΛ ⊕ pΛ, ΛΛ as well as heavier, not measured directly, baryon-anti-baryon pairs, which is denoted in further sections as BB. The correlation functions for pp, pΛ ⊕ pΛ, and ΛΛ pairs for the 10-20% centrality interval and two collision energies are represented together with the simultaneous fit in Fig. 2 .
Systematic uncertainties
At the track selection level the analysis was also performed on tracks reconstructed using the information from both the ITS and the TPC, as opposed to those having the information from the TPC only. The correlation functions obtained from the analysis of those tracks were fitted with exactly the same procedure described in Sec. 4. Visible differences on extracted scattering parameters are between 4% and 17%, depending on the studied pair and the scattering parameter.
In addition, several components of the fit procedure were varied. Shifting the correlation function normalisation range in k * by ±0.1 GeV/c yields almost no change on the extracted scattering parameters (maximum 1%). A change of the background parameterisation from the third to the fourth order polynomial results in differences of up to 19% for ℑ f 0 and below 10% for other parameters. The second order polynomial was also tested but it fails to describe the low k * region and therefore cannot be used to extract reliable information. Moreover, the use of residual pair fractions calculated from the HIJING model [59] instead of AMPT resulted in changes of up to 19% for d 0 , up to 16% for ℑ f 0 , and below 10% for ℜ f 0 . Variation of source sizes obtained from transverse mass and centrality scalings by ±5% resulted in changes of up to 13% for ℜ f 0 , up to 36% for ℑ f 0 , and up to 20% for d 0 . The momentum resolution effect was investigated with Monte Carlo simulations by creating a twodimensional matrix of generated and reconstructed k * . Each slice of the distribution was then fitted with a Gaussian function. Within the k * region of interest it was found that the width of the Gaussian function is constant; therefore, the fitting formula was smeared with a Gaussian with a width constant in k * . The width of the Gaussian was varied by ±30% which results in systematic uncertainty of up to 11%.
Contributions to the systematic uncertainty on the extracted scattering parameters are summarised in Tab. 4. Since those components are correlated, the total systematic uncertainties are represented as covariance ellipses in the final plots.
Results
The results of the simultaneous fit to three baryon-anti-baryon pair combinations, pp, pΛ ⊕ pΛ, and ΛΛ, are summarised in Tab. 5 and plotted in Fig. 3 together with statistical (bars) and systematic (ellipses) uncertainties. The comparison with values of the scattering parameters for various baryon-baryon and baryon-anti-baryon pairs extracted in previous experiments [60] [61] [62] [63] are shown in Fig. 4 .
As the simultaneous fit yields similar values, within uncertainties, of parameters for pΛ ⊕ pΛ and ΛΛ, as well as heavier BB pairs, one can perform a fit assuming a single set of parameters for all systems. By doing so there is practically no change in the results; in particular, the χ 2 ≈ 1.83 (p < 0.00001) remains the same and other scattering parameters change very slightly, within systematic uncertainties. This test confirms that the data points can be correctly described when one assumes that all baryon-anti-baryon pairs have similar values of the scattering length and the effective range of the strong interaction.
The negative value of the real part of scattering length, ℜ f 0 , obtained for all baryon-anti-baryon pairs may have a twofold meaning -either the strong interaction is repulsive, or a bound state can be formed. The significant magnitude of the imaginary part of the scattering length, ℑ f 0 , shows that baryon-antibaryon scattering may occur through inelastic processes (annihilation). In the UrQMD three scenarios can be considered [38] : i) all baryon-anti-baryon pairs annihilate similarly at the same pair transverse pΛ ⊕ pΛ Uncertainty source momentum k * ; ii) ℑ f 0 is the same for all baryon-anti-baryon pairs, but expressed as a function of the pair centre-of-mass energy √ s, meaning that ℑ f 0 is smaller for baryon-anti-baryon pairs of higher total pair mass; iii) the inelastic cross section is increased for every matching quark-anti-quark pair in the baryon-anti-baryon system. In this scenario, in the specific case of this work, ℑ f 0 for pΛ ⊕ pΛ should be lower than for pp and ΛΛ, which is not observed. UrQMD by default uses scenario ii) to model the baryon-anti-baryon annihilation, which in our case would lead to a decrease of ℑ f 0 while going from pp to ΛΛ pairs; however, similar values of ℑ f 0 for all baryon-anti-baryon pairs reported in this work favour scenario i).
Inelastic scattering is compatible with a bound state, where the baryon and anti-baryon create a shortlived resonance which decays strongly into three particles. Evidence for a process in which a particle in the mass range of 2150-2260 MeV/c 2 decays into a kaon and two pions has been reported by various experiments in the past and listed by the Particle Data Group (PDG) as K 2 (2250) [22] . The reported mass is slightly above the pΛ threshold, the width of the resonance is compatible with a strongly decaying system and the decay products match the valence quark content of the pΛ pair. A nucleon-anti-hyperon system has also been explicitly listed by PDG as K 3 (2320), with proton and Λ in the final state, which corresponds to the bound state undergoing an elastic scattering. Results presented in this paper support the existence of baryon-anti-baryon bound states such as K 2 (2250) and K 3 (2320). Further studies can provide more evidence on the existence of those states. Table 5 : Values of the spin-averaged scattering parameters ℜ f 0 , ℑ f 0 , and d 0 for pΛ ⊕ pΛ and ΛΛ pairs, as well as effective parameters accounting for heavier baryon-anti-baryon (BB) pairs not measured directly, extracted from the simultaneous fit. For comparison, pp scattering parameters from Ref. [23] fixed in the simultaneous fit are provided. Please note that the pp effective scattering parameters take into account the presence of the Coulomb interaction and coupled channels.
Parameter pp (fixed from [23] 
statistical systematic [23, 24, 26, 64] . (Right) Comparison of extracted spin-averaged scattering parameters ℜ f 0 and d 0 for pΛ ⊕ pΛ, ΛΛ pairs as well as effective BB, with selected previous analyses of other pairs: pp (singlet) [65] , pp (singlet) [64] , pn (singlet) [66] , nn (singlet) [66] , pΛ (singlet) [61] , and ΛΛ (spin-averaged) [62] . (Note that the ΛΛ scattering parameters measured in the STAR experiment [62] did not account for residual correlations. The recent analysis of ΛΛ correlations by the ALICE Collaboration [31] , properly taking into account those correlations, disfavours the STAR parameters.)
Summary
Femtoscopic correlation functions for pp, pΛ ⊕ pΛ and ΛΛ have been measured in Pb-Pb collisions at energies of √ s NN = 2.76 TeV and √ s NN = 5.02 TeV registered by the ALICE experiment. The analysis was performed in six centrality intervals, yielding a total number of 36 correlation functions.
A procedure was developed to allow for a simultaneous fit of all the obtained correlation functions. It includes a number of systematic checks to account for limited detector momentum resolution, nonfemtoscopic background and residual correlations from feed-down of heavier baryons. In addition, assumptions were made concerning the scaling of the femtoscopic radii with multiplicity and with the transverse-momentum of a pair.
For the first time parameters of the strong interaction, the scattering length and the effective range, were extracted for pΛ ⊕ pΛ and ΛΛ pairs. Moreover, parameters for heavier baryon-anti-baryon pairs, which were not measured directly, are also provided.
Several conclusions can be drawn from the extracted parameters. First of all, it was found that the real and imaginary parts of the scattering length, ℜ f 0 and ℑ f 0 , and the effective range of the interaction, d 0 , have similar values for all baryon-anti-baryon pairs. Therefore, the data points can be successfully described using the same parameters for all studied pairs.
A significant non-zero imaginary part of the scattering length, ℑ f 0 , is reported. It accounts for the presence of the inelastic channel of the interaction, which in the case of baryon-anti-baryon includes the annihilation process. The similarity of ℑ f 0 between different pairs indicates that the dependence of the inelastic scattering cross section on the pair relative momentum k * is the same, within systematic uncertainties, for all baryon-anti-baryon pairs. Note that the assumption used in UrQMD, that is a similar ℑ f 0 for different baryon-anti-baryon pairs as a function of the centre-of-mass energy of the pair √ s, means that the inelastic cross section would be different when taken at the same pair relative momentum k * .
Finally, negative values of the extracted real part of the scattering length ℜ f 0 show either that the interaction between baryon-anti-baryon pairs is repulsive, or that baryon-anti-baryon bound states can be formed. Combined with the non-zero imaginary part ℑ f 0 which, as mentioned earlier, is associated with the inelastic processes, it favours the bound states scenario over the repulsive interaction. In that case a baryon-anti-baryon pair would form a resonance decaying into a group of particles different from the original ones (for instance, pΛ → X → K + π + π − , where X is the hypothetical baryon-anti-baryon bound state). Further studies will shed more light on existence of such particles.
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